I. INTRODUCTION
The present work is a thorough ab initio study of the B 3 "cluster," its anion, B 3 − , and B 3 H. For reasons of comparison and consistency, we also studied the diatomic species B 2 and B 2 − . With no doubt, boron is one of the most interesting elements of the periodic table. Its unique "deficient" configuration ͑2s 2 2p 1 ; 2 P͒ is the cause of a remarkable binding ability with almost all elements, resulting to molecules and solids with extraordinary properties and bonding schemes. 1, 2 The first experimental evidence on B 3 has been obtained by Hamrick et al. 3 in early 1990s. They analyzed the electron spin resonance ͑ESR͒ spectrum of B 3 in Ne, Ar, and Kr matrices at 4 K, reporting a cyclic ͑D 3h ͒ ground state of 2 A 1 Ј symmetry with three equivalent B atoms. A few years later, Li et al. 4 obtained the vibrational frequencies of the asymmetric mode of the isotopomers of B 3 through Fourier transform IR ͑FTIR͒ spectroscopy in Ar matrices. In 2003, Zhai et al. 5 studied the photoelectron spectrum ͑PES͒ of B 3 − , yielding vibrational frequencies, vertical excitation energies for four electronic states of B 3 , and its electron affinity ͑EA͒. In the same year, Wyss et al. 6 recorded the electronic absorption spectrum of B 3 12 examined the X 2 A 1 Ј state of B 3 by MP4 / 6-31G ‫ء‬ calculations. The lowest electronic state of both triangular ͑D 3h ͒ and linear B 3 configurations were also examined by Howard and Ray 13 at the MP4 / 6-31+ G͑3d,p͒ level. In a combined experimental and computational coupled-cluster RCCSD͑T͒ / 6-311+ G͑2d,f͒ work published 6 years later, Zhai et al. 5 tried to assign four observed bands. In 2003, Wyss et al. 6 studied the ground and four doublet states through multireference configuration interaction ͑MRCI͒ / aug-cc-pVTZ+ ͑2s+1p͒ calculations, reporting r e , e , T e , and zero point energies ͑ZPEs͒. Finally, the most recent work is that of Nguyen et al. 14 These workers studied the B n O m clusters ͑n=1-4, m=0-3, 53 neutral or anion species͒ around equilibrium at the RCCSD͑T͒/͑aug-ccpVXZ, X = D, T, Q, 5͒ level of theory. For the X 2 A 1 Ј and 4 A 2 states of B 3 in particular, they report extrapolated atomization energies, and the EA and bond distance of X 2 A 1 Ј.
Concerning the B 3 − anion now, the only experimental work is that of Zhai et al. 5 who determined by PES an harmonic frequency, e = 1230Ϯ 40 cm −1 . The first theoretical study on B 3 − by Howard and Ray 13 at the MP4 / 6-31 +G͑3d,p͒ level predicted a linear singlet ground state with a D 3h triangular singlet 9.7 kcal/mol higher. In 2002, Kuznetsov 16 From the above exposition, it is clear that theoretical work on B 3 is rather qualitative, whereas the B 3 − species is in essence unexplored both experimentally and theoretically. The present work presents MRCI and coupled-cluster ͑RCCSD͑T͒͒ calculations combined with large basis sets for B n and B n − , n = 2, 3. We have constructed a large number of full PECs, cuts through the ͑B 2 ,B 2 − ͒ + B surfaces along and perpendicular to the BϪB bond, covering an energy range of approximately 30 000 cm −1 . In addition, fully optimized PECs of the B 3 and B 3 − species have been constructed with respect to the ՄBBB= angle. We report accurate geometries, relative energies, dissociation energies, and dipole moments; for certain low-lying states harmonic frequencies are also given for both B 3 and B 3 − . As to the B 3 H molecule, no other work seems to exist in the literature but this of Hernandez and Simons. 17 These authors explored the lowest singlet potential energy surface by the CASSCF/ ͓3s2p1d/ B 2s1p/ H ͔ method. They located two energy minima differing by 19 kcal/mol reporting geometries, B 3 -H binding energies, harmonic frequencies, and dipole moments. Their results differ considerably from the present ones due to lack of ͑dynamical͒ correlation and limited size basis sets.
The present work is structured as follows. Section II outlines the computational approach. Section III, with subsections A, B, C, D, and E, refers to results and discussion of the species B 2 , B 2 − , B 3 , B 3 − , and B 3 H, respectively, while Sec. IV is a short summary.
II. COMPUTATIONAL DETAILS
The augmented correlation consistent basis set of quadruple cardinality, aug-cc-pVQZ, generally contracted to ͓6s5p4d3f2g͔ =AQ was employed for all B n ͑n=2,3͒ species, neutrals or anions. 18 For the B 3 H molecule, the basis set used is that of cc-pVQZ quality for all atoms, contracted to ͓5s4p3d2f1g/ B 4s3p2d1f/ H ͔ =Q. For those calculations where the 1s 2 correlation was taken into account, the AQ set was augmented by a series of core functions ͑3s+3p +2d+1f͒, 19 contracted to ͓9s8p6d4f2g͔ = CAQ, a total of 327 spherical Gaussians.
Two calculational methodologies have been followed: the complete active space self-consistent field ͑CASSCF͒ + single+ double excitations ͑CASSCF+1+2=MRCI͒, and the restricted coupled cluster+ singles+ doubles + quasiperturbative connected triples ͓RCCSD͑T͔͒. 20 The zeroth-order CASSCF wave functions were built by allotting 6, 7, 9, and 10 e − to 8, For the purposes of the present study, we have examined the first five electronic states of B 2 − , namely,
and A 4 ⌸ g . Dissociation energies and spectroscopic parameters ͑r e , e , e x e , ␣ e , T e ͒ are collected in Table  III, while Table IV lists dominant MRCI configurations and Mulliken atomic populations; PECs of all states are displayed in Fig. 1 .
The EA of B 2 is calculated to be 1.74 ͑1.90͒, 1.67 ͑1.87͒, 1.92, and 1.93 eV at the MRCI͑+Q͒, C-MRCI͑+Q͒, RCCSD͑T͒, and C-RCCSD͑T͒ levels, respectively. The EA of B 2 determined by charge inversion spectrometry is EA = 1.3Ϯ 0.4 eV, 31 but this value was attributed to an average EA caused by one electron detachment of the ground and excited states of B 2 − . However, an EA= 1.8Ϯ 0.4 eV is suggested after assuming the relative intensities of the component peaks. 31 Our values, 1.90-1.93 eV, are in agreement with the experimental value, in agreement as well with the CCSD͑T͒/AQZ-A5Z extrapolated results ͑1.95 eV͒ of Nguyen et al. 14 It is noteworthy that the EA of B 2 is about seven times larger than the EA of the B atom, EA͑B͒ = 0.280 eV. 34 According to the leading MRCI configurations and Mulliken atomic densities ͑Table IV͒, the bonding is succinctly represented by the vbL diagrams ͑4͒-͑7͒. Tables II  and III .
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C. B 3
Two modes of the B 2 + B interaction have been considered, a linear along the BϪB internuclear axis and a perpendicular one. PECs of both modes have been constructed at the MRCI/ AQ level by fully optimizing the geometry at every point; see Figs. 2 and 3. The geometries ͑r e , e ͒ of the minima depicted in Figs. 2 and 3 are given in Table V, while  leading MRCI configurations are shown in Table VI . Within an energy range of 30 000 cm −1 we have located 21 energy minima, 11 linear and 10 bend. Fully optimized PECs with respect to the angle are displayed in Fig. 4 .
The first three adiabatic channels correlate to Fig. 2 . The bonding can be described by the diagram ͑11͒; see also vbL ͑3͒.
͑11͒
The bonding interaction is caused by a charge transfer of 0.65 e − from the p x orbital of the central B͑ 2 P͒ atom to the p empty system of B 2 , with a reverse equal flux of electrons from B 2 to the B atom. The net result is a strengthening of the in situ B 2 bond reflected to a significant bond shortening, 1.58 versus 1.75 Å ͑B 2 , A 3 ⌸ u ͒. From Fig. 4 , it is seen that the PECs of ã 
; no quintets have been examined. Figures 6 and 7 display C 2v and C ϱv B 2 -B PECs whereas Fig. 8 shows PECs with respect to the ՄBBB angle; numerical results and leading configurations are collected in Tables VII and VIII. The ground state, X 1 A 1 Ј, has a D 3h geometry ͑ 1 A 1 in C 2v ͒ whose bonding is captured by the vbL diagram 8 ͑or 9͒ after adding one electron to the in situ B 2 moiety resulting to an in situ B 2 − a 2 ⌸ u description ͑see also diagram 5͒. With respect to B 2 − ͑a 2 ⌸ u ͒ +B͑ 2 P͒ the C-RCCSD͑T͒ B 2 -B binding energy is D e ͓D 0 =D e − ZPE͑B 3 − ͒ + ZPE͑B 2 ͔͒ = 165.8 ͓162.9͔ kcal/ mol. The corresponding C-RCCSD͑T͒ ͑MRCI+ Q͒ AE= D 0 ͑B−B 2 − ͒ +D 0 ͑B 2 − ; a 2 ⌸ u ͒ = 162.9+ 91.0 = 253.9 ͑251.9͒ kcal/ mol, ϳ8 kcal/ mol less than the coupled-cluster extrapolated value of Nguyen et al. 14 We believe that the AE of Ref. 14 is rather overestimated. Core ͑1s 2 ͒ electrons reduce the bond distance by ϳ0.006 Å, increase the harmonic frequencies by 20-25 cm −1 and increase the B 2 -B binding energy by 1.9 kcal/mol; similar effects are found for B 2 , B 2 − , and B 3 , vide supra. Therefore our recommended bond distance is r e = 1.550 Å at both C-RCCSD͑T͒ and C-MRCI+ Q levels, assuming transferability of the core-correlation effects. The adiabatic MRCI+ Q ͑RCCSD͑T͒͒ ͓C-RCCSD͑T͔͒ EA is calculated to be 2.77 uncoupled electron. Thus the interaction B 3 ͑X , A͒ +H͑ 2 S͒ gives rise to singlets and triplets, the former certainly covalently bound through a bond. Three paths of B 3 + H attack have been examined presently, two along a C 2 axis ͑in plane͒ and one along the C 3 axis ͑out of plane͒ of B 3 moiety named ␣, ␤, and ␥, respectively: MRCI potential energy profiles of B 3 -H along the ␣, ␤, and ␥ paths are shown in Fig. 9 Potential energy profiles of ͑B 3 ͒ -H with respect to and angles are displayed in Fig. 10 . The angle is defined from the position vector of the H atom ͑measured from the circumcenter of the B 3 isosceles triangle͒ constrained on the bisecting plane perpendicular to the B 3 plane, and the bisect- As we sample all values, from 0.0°to 180.0°under full optimization, we come across the three minima ␣, ␥, and ␤ and through the transition states ͑TS͒ TS 1 ͑␣ → ␥͒ and TS 2 ͑␥ → ␤͒. The saddle point TS 3 intervenes between minima ␣ and ␤ through the in-plane angle ; see Fig. 10 . Numerical results of the TS 1 , TS 2 , and TS 3 TSs are given in Table IX; note that TS 1 and TS 3 are second order saddle, while TS 2 is a first order saddle point. Energy barriers including ZPEs ͑␣ −TS 1 , ␥ −TS 1 ͒, ͑␥ −TS 2 , ␤ −TS 2 ͒, and ͑␤ −TS 3 , ␣ −TS 3 ͒ are ͑27.8, 5.4͒, ͑1.2, 0.6͒, and ͑2.9, 25.9͒ kcal/mol, respectively.
IV. SUMMARY
The geometric and electronic structure of the B 2 , B 2 − , B 3 , B 3 − , and B 3 H species was investigated through MRCI and RCCSD͑T͒ methodologies employing basis sets of quadruple cardinality. We examined the first three and five states of B 2 and B 2 − , whereas the corresponding PECs of the latter are reported for the first time. 
